We investigated magnetic tunnel junctions with very thin magnetically perpendicular CoFeB electrode and MgO tunnel barrier. In particular the crossover to a superparamagnetic state with thermally activated switching rates is analyzed. The dwell times in the parallel and antiparallel state are evaluated for devices with 140 nm diameter, which is small enough to be apparently in the single domain regime. The depedence of the dwell times on magnetic or electric fields and of the temperature allowed to separate the impact of Zeman energy, spin-transfer-torque and voltage induced anisotropy change. While the dwell times statistics follows an Arrhenius law, their absolute values can be described only by taking entropic effects of multiple paths for magnetization switching into account. The results allow to estimate a magnetic activation volume with a typical lateral size of 35nm, i.e. considerably smaller than the devive diameter. This result supports the assumption of a granular magnetic structure of these ultrathin electrodes. In addition, we demonstrate a tuning of the superparamagnetic switching rates in a wide frequency range by combining magnetic and electric fields, which opens a path for their application in noisy neural networks.
I. INTRODUCTION
Magnetic tunnel junctions (MTJs) with magnetically perpendicular CoFeB electrodes 1 are key components for hard disk read heads 2 and low power nonvolatile memories 3 (Spin Transfer Torque Magnetic Random Access Memory). For such MTJs with very thin CoFeB electrodes (≤ 1.5nm), an unexpectedly low critical current density for STT-switching in the range of 10 4 A/cm 2 has been found 4 , and recent reports demonstrated a superparamagnetic behavior 5, 6 , i.e. a thermally induced switching of the magnetic electrode at a rate that depends on the size, the temperature and a variety of external parameters. The rates, however, are usually not compatible with a magnetic single-domain behavior of the superparamagnetic electrode, because the energy barrier for magnetization reversal would be too large. A granular structure of the CoFeB has been suggested 7 as possible reason, but there is no unambiguous proof up to now.
Such superparamagnetic MTJs (sp-MTJs) can serve to study superparamagnetism "life" and be useful for applications. Recently, a true random number generator based on sp-MTJs 8 has been suggested. Moreover, they can serve in noisy neural-like computing. One precondition is a pronounced maximum of the sp-MTJ's thermal switching rate in dependence of an external input and a shift of these tuning curves by another external parameter. Mizrahi et al. 9, 10 demonstrated this by varying the current through sp-MTJs.
We investigated magnetically perpendicular sp-MTJs with a reference CoFeB electrode 11 , an MgO barrier of varying thickness and a free CoFeB electrode. Dwell times were analyzed as a function of temperature, magnetic field and bias voltage to disentangle the impact of Zeman energy, spin transfer torque and voltage induced change of the magnetic anisotropy. The results indicate that granularity of the thin a) Electronic mail: reiss@physik.uni-bielefeld. de CoFeB electrode not only leads to a smaller activation energy due to a small magnetic activation volume, but also reduces the switching time by many orders of magnitude due entropic reasons similar to the decay of magnetic skyrmions 12 . Based on these results, we demonstrate the tuning of the switching rates by combining electric and magnetic fields, which can foster their application in true random number generators as well as in noisy neural-like networks.
II. QUASISTATIC AND DYNAMIC PROPERTIES
When an external field is applied in-plane at room temperature, the free CoFeB layers (see supplement A) show an anisotropy field H K = (329 ± 15)kA/m. The coercive field H C measured with an out-of-plane external field, however, is much smaller than H K and decreases strongly with temperature. The magnetic properties of our film system thus is similar to that reported by, e.g., Zhu et al. 13 . For the example of figure A.2, H C is around 0.8 kA/m at 50 • C and reaches zero at ≈ 85 • C. To elucidate this puzzling switching behavior, the time dependence of the current through the sp-MTJs was measured under varying temperature, magnetic and electric field.
From the results shown in figure 1 it becomes clear, that the MTJ is in a superparamagnetic state with a typical switching time in the ms-range. Thus properties such as H C that are evaluated from quasistatic measurements will depend on the time scale, at which data are taken. Nevertheless, the system maintains its pronounced out-of-plane anisotropy and switches only between the parallel (P) and the antiparallel (AP) state with mean dwell times τ P/AP . Thus the anisotropy field evaluated from quasistatic characterization is still valid.
To quantify the properties of the sp-MTJs, the mean dwell times τ P/AP of the free layer in the parallel (P) and antiparallel (AP) state were analyzed. The distributions of τ P/AP taken from data as that of figure 1 follow an exponential law as shown in figure 2.
With perpendicular magnetic anisotropy and in a sin- gle domain approach, an Arrhenius law describes the mean dwell time τ P/AP in the Neél-Brown model 14, 15 : τ = τ 0 · exp(∆E P/AP ( H, E)/k B T ). ∆E P/AP ( H, E) is the energy barrier depending on the magnetic and electric field H, and E, k B the Boltzmann constant. τ 0 is the attempt time, which is the inverse of the ferromagnetic resonance frequency 12 . For ferromagnetic out-of-plane systems the attempt time at zero external field is of the order of 16 10 −11 s. In real superparamagnetic systems with possibly granular substructure 7 , however, the entropy S = k B · Ln(w) is suspected to play a significant role, because the system has plenty of possible pathways w for magnetization switching. Using the free energy F = E − T S = E − T k B Ln(w) results in 12 :
To correspondingly analyze the behavior in more detail, we thus have three handles: the temperature T, the magnetic H and the electric E field.
III. DWELL TIMES AND MAGNETIC FIELD
The dependence of the energy barrier on H in absence of spin torque is given by ∆E P/AP ( H) = ∆E P/AP + µ 0 V M · H, where M is the magnetization, µ 0 the magnetic vacuum permeability, and V is either the electrode's volume 17, 18 or in case of granularity the magnetic activation volume 19 . In figure 3, we show exemplarily the dwell time τ P/AP as a function of the perpendicular magnetic field for an MTJ with 1.4 nm MgO thickness at different temperatures. Since the pinned and the free magnetic electrode are ferromatically coupled due to their magnetic stray field, τ P and τ AP are equal at an external field H comp that compensates the coupling and adds an energy of µ 0 V A H comp · M to the basic energy barrier ∆E = K ·V A (V A : magnetic activation volume, K: effective anisotropy). In a single domain approach, V A would be the volume of the free electrode. We thus evaluated the data by shifting the field axis to H = H − H comp . In addition, H · M = H M S , because M and H are always collinear. With this τ P/AP are given by:
The energy barrier ∆E and the product V A M S can be determined from taking the derivative of Ln(τ/τ 0 ) with respect to 1/k B T or µ 0 H, respectively. The results of this evaluation are summarized in table I. TABLE I . The values for the saturation magnetic moment V M S , the activation energy ∆E, the apparent effective anisotropy K * = ∆E/V E , the ratio K/K * for three MgO thicknesses with the MTJ's electrode volume V E = 1.54 · 10 −23 m 3 , and the saturation magnetization M S evaluated with the magnetic activation volume described in the text.
As can be seen from comparing the measured effective anisotropy (K = 329kJ/m 3 ) with the apparent value deduced from the energy barrier, there is a large discrepancy. If the complete electrode's volume would behave as a single magnetic domain, then values for the energy barrier would be expected that are between 13 and 24 times larger than the measured one (average value 16,7). If, however, granularity of the electrode is taken into account, then the magnetic activation volume V A is correspondingly smaller. With a radius of the electrode of r E =70 nm, the radius of the activation volume results in r A = r E / √ 16, 7 ≈ 17 nm. One test of this model is the resulting saturation magnetization M S , which was reported to be between between 500 kA/m and 1 kA/m 7,11 depending on the preparation conditions and if dead layers with adjacent Ta films are considered or not. Using the full electrode's volume, we obtain from V E M S in table I values for M S smaller than 250 kA m −1 , i.e. unphysically low values. Using the determined magnetic activation volume V A , the resulting values for M S (see table I) are in agreement with the literature. Moreover, the lateral size of V A is very well comparable to the typical domain wall width found for similar CoFeB films with perpendicular magnetic anisotropy 20 , and about twice the value of the typical lateral grain size in our samples (see appendix C). Thus modelling the properties with this activation volume leads to physical consistency.
The effect of the entropy S = k B Ln(w) can be evaluated for H = 0 and small bias voltage from the intercept when plotting Ln(
This gives values for Ln(w) of the order of 35, which means that w is of the order of 10 15 ! Similar findings have been discussed for the stability of skyrmionic magnetization patterns 12 . Thus we can now again estimate the magnetic activation volume independently from the foregoing discussion from the number w of the entropic pathways that can lead to thermally activated magnetization switching. If we assume, that the switching can start at either of N sub-volumes of the free electrode, then we have around w ≈ N! possible pathes. Thus ln w ≈ 35 = N · ln N resulting in N ≈ 14 for our sp-MTJs with 70 nm radius. The radius of a single activation volume is then r A = 70nm/ √ 14 ≈ 19nm. It is remarkable, that the two approaches to evaluate V A lead to almost the same radii, although the underlying physics is in the first evaluation the energetics of the switching process, while thermodynamic and entropic considerations are used in the second.
IV. DWELL TIMES AND ELECTRIC FIELD
We now have a solid base to discuss the influence of the bias voltage on the switching process and the dwell time. If a bias voltage is applied to the MTJ, two additional effects act on the magnetization: first, the spin torque due to the spin polarization of the current
with the MTJ's contact resistance R 0 and the inverse decay length B. Second, the electric field E = U B /t MgO at the interfaces modifies the interfacial magnetic anisotropy energy density [21] [22] [23] tization decreases exponentially with increasing MgO barrier thickness. In contrast, the anisotropy change decreases only with t −1 MgO at constant bias voltage. Thus for thin barriers, the spin torque can be expected to be dominant, while for thick barriers the change of the anisotropy can overwhelm the spin torque. At fixed t MgO , the dependence of ∆E on the bias voltage is taken into account by multiplying equation 2 with the factor exp((β V ± A)U B /(k B T )), where β and A describe the strength of the anisotropy change and the spin torque, respectively. By convention, we use the plus sign for the P-and the minus sign for the AP-state. Then, the influences of the anisotropy change and the spin torque can be separated by evaluating
where ∆ + gives the anisotropy change and ∆ − the spin torque influence (see section Data evaluation).
In figure 4 a), we show exemplarily results for the dwell times as a function of U B for t MgO = 1.2nm at 65 • C, and in b) the results of fitting the spin torque part ∆ − as a function of t MgO with an exponential function.
As shown in figure 4 a), small bias voltages can lead to significant changes in dwell times. For 1.2 nm barrier thickness the spin torque term (|∆ − | > 0.8eV /V ) is more than four times larger than that of the anisotropy change (|∆ + | < 0.2eV /V ), while for t MgO = 1.6nm this ratio reduces to two (|∆| − ≈ 0.045eV /V and |∆| + ≈ 0.021eV /V ). The numerical evaluation of the data gives a spin torque term ∆ − = −(20 ± 2) pJ V × exp (−(13 ± 6)/nm · t MgO ), which mirrors the exponential dependence of the current density on t MgO . The anisotropy contribution results in β = β ·t MgO = (30±15) f J V m . The separation of the small anisotropy contribution from the spin torque term is, however, not very reliable. The value obtained here is very similar to the result of −33 f J V m obtained by Endo et al. for MgO/CoFeB/Ta thin films 24 , which corresponds to the free layer system used in our MTJs.
V. TUNING CURVES
Finally, we can now combine the impacts of the magnetic field H and the electric field E = U B /t MgO to realize tuning curves. If an sp-MTJ is only either in the P or the AP state such as the 140nm diameter devices used in this work, the tuning curve is given by the switching frequency ν(H,U B ) = 2/(τ P (H,U B ) + τ AP (H,U B ) ). If the barrier thickness is too large, the application of U B would change only the anisotropy. This would give a simultaneous de-or increase of both dwell times and thus tuning of the switching rates, i.e. a shift of the gaussian dependence on one parameter by the other one would not be possible. If, however, spin torque is dominating the impact of U B , one of the dwell times τ P and τ AP is driven exponentially to zero and the other one to infinity by application of H (see figure 3 ) or U B (figure 4 ). In the corresponding range of barrier thicknesses, the combination of both can, therefore, be used to shift the dependence of the switching rate on one parameter by varying the other one.
The switching rate ν(H,U B ) was evaluated for the sample with a 1.2 nm thick MgO barrier on a structure with 140 nm diameter in dependence of the two input parameters electric and magnetic field. The switching frequency tuning curves as well as Gaussian fits are shown in figure 5 for constant magnetic field depending on the bias voltage ( figure 5 a) ) and for constant bias voltage depending on the magnetic field ( figure  5 b) ). The data shows both the Gaussian dependence of ν(H,U B ) on both parameters. This is in agreement with the result that spin torque dominates the impact of U B for a thin tunneling barrier. The position of the peak for one input parameter can be easily shifted by varying the other one. The asymmetry in figure 5 b) comes from the change of the anisotropy, which de-or increases the switching rates depending on the sign of the applied voltage U B .
The tuning curves can be very well described by
where C is either the magnetic field or the bias voltage, C 0 is the peak position and σ the full width at half maximum.
For, e.g., figure 5 b, we find H 0 = 157.8Oe, σ = 6.29Oe and H 0 = 180.6Oe, σ = 6.95Oe for for U B = 80mV and for U B = −70mV , respectively. This tuning of the switching rates matches exactly the requirements for the firing rates of neurons in population coding networks 27 and thus can emulate tuning curves for noisy neural-like computing 9,10,28 .
VI. CONCLUSION
We studied the temperature dependent superparamagnetic dwell times of the free CoFeB layer of magnetically perpendicular CoFeB/MgO/CoFeB sp-MTJs in dependence of the magnetic and electric field. Small sp-MTJs showed two discrete states with the magnetization of the free layer parallel or antiparallel to that of the pinned layer. Although the effective anisotropy is in the range of 330 kJ/m 3 , the coercive field vanishes at typical temperature between 50 • C and 100 • C. From the Arrhenius-behavior of the dwell times, the activation energy resulted in typically 1.5 eV to 2.5 eV. Thus entropic effects turned out to dominate the dwell times with k B · Ln(w) ≈ 15 and a magnetic activation volume about 15 times smaller than that of the entire electrode.
The dwell times can be tuned in a wide range by either applying a magnetic field or by changing the bias voltage. From the dependence on the magnetic field, a saturation magnetization of M S ≈ 500kA/m was obtained. The influence of the electric field resulted in a constant of β ≈ 35 f J/V m for the voltage induced anisotropy change. The spin transfer torque induced by the spin polarized current, however, has a significantly larger influence on the dwell times for barrier thicknesses below around 1.5 nm.
By combining electric and magnetic fields, we demonstrated the realization of tuned switching rates of the sp-MTJs, i.e. the Gaussian dependence of the switching rates on either of the two input parameters and the tuning of the curves by the respective other one. This opens a pathway for the use of such devices in noisy-neuron like computing.
Methods
Magnetically perpendicular MTJ stacks with a pinned and a free layer were deposited by dc and rf sputtering on a Si/SiO 2 (50) substrate.
The layer sequence was Ta(5)/ Ru(30)/ Ta(10)/ Pd(2)/ MnIr(8)/ CoFe(1)/ Ta(0.4)/ Co 4 Fe 4 B 2 (0.8)/ MgO(X)/ Co 4 Fe 4 B 2 (1.1)/ Ta(3)/ Ru(3) (units in nm), and the thickness X of the MgO was 1.2 nm, 1.4 nm or 1.6 nm. To set the exchange bias and to crystallize the CoFeB/MgO/CoFeB, the samples were annealed at 300 • C for 30 min in a perpendicular magnetic field of 0.7 T. The films were patterned into circular pillars with a nominal diameter of 140 nm and contacted via Au contacts. Both processes were done using electron beam lithography. As shown in the appendix ( figure  A.3) , the overlap between the upper and lower contact was kept as small as possible to reduce the capacitive coupling and to enable a detection of the current through the MTJ at high frequency.
Experimental
To take time traces of the current through the sp-MTJs, the sample was mounted on a Peltier-element with a copper plate to ensure uniform heating and the temperature was adjusted with a PID temperature controller. The current through the MTJ was monitored as a function of temperature T, external magnetic field H and bias voltage U B by detecting the voltage drop across a 1 kΩ resistor inserted between a constant voltage source and the MTJ. The minumum time for current detection of around 100 ns was achieved by combining an oscilloscope with a 10 MHz voltage-amplifier. The data was saved in packages of 25000 data points at varying timescales of 5 ms to 50 ms per package.
Data Evaluation
The mean dwell times in the parallel and the antiparallel state had to be determined from the raw data. This was done with a customized python script. First the data is smoothed via averaging over 20 data points. The value separating the parallel and antiparallel state is determined from the average of the maximum and minimum value of the first ten data packages. Every change in the magnetic state is defined by the crossing of this value.
The begin and the end of a magnetic state are given by the state transitions. If this is an actual transition between the magnetic states apposed to random noise, the following criteria has to be met: ten data points before the transition between the magnetic states the sample has to be in a different magnetic state than ten data points after the transition value. Also 3 -5 data points are skipped before checking this criteria to avoid error due to noise also the mean before the begin value as well as the mean after the end value have to be in the other magnetic state.
The minimal dwell time that can be determined with this script is therefore about 15 data points. Since the distribution of the dwell times follows an exponential law, the mean dwell time τ is given by
The relative error in τ due to the limit of 15 data points can be determined to
with α = 15/τ being the ratio between the evaluation limit and the mean dwell time τ. The relative error ∆τ/τ resulting from the minimal resolution of the data evaluation is between 7 × 10 −4 and 1 × 10 −7 .
The dependence of the dwell times on the parameters T, H and | E| = U B /t MgO can be described by the basic equation
Thus, at H = 0 and small U B , the energy barrier ∆E can be evaluated by
Thus the intercept of Ln( τ s ) for 1 k B T = 0 gives the value for Ln(τ 0 ) − Ln(w)).
The effective anisotropy K determined by, e.g., measuring the anisotropy field H K (see supplement A) translates into the energy barrier by K = µ 0 H K M S 2 = ∆E V . For non-vanishing energy contributions from H and U B , the quantities ∆ ± in the main text are given by
and thus the quantities β V and A can be separated. From the values of H K , an effective anisotropy energy density K e f f = µ 0 H K M S /2 in the range of 250 kJ/m 3 to 400 kJ/m 3 can be deduced. Thus there is an obvious contradiction between the field that is necessary to force the magnetic moment from out-of-plane to in-plane and the coercive field measured with out-of-plane magnetic field. In addition, the apparent coercive field strongly decreases with increasing temperature. If TMR minor loops are taken at a typical integration time of 1 s H C -values ranging from some kA m −1 around room temperature down to zero at 30 • C to 100 • C can be found (an example is shown in figure A.2) . It should be noted, that these properties depend strongly on the thickness of the CoFeB free electrode. If the thickness is increased to 1.2 nm, then the temperature, where H C tends to zero strongly increases up to extrapolated values of ≈ 700 • C. 
Appendix B: Kerr microscopy
We further investigated the superparamagnetic behavior with time resolved wide-field Kerr-microscopy on the pinned system with 1.6 nm MgO barrier on an unstructured part of the sample.
In figure B .1, we show a comparison of the domain structure of the film at magnetization reversal (external field ≈ coercive field) at room temperature (RT) and at 50 • C. At RT ,   FIG. B.1 . Selected wide-field Kerr-microscopy pictures of the magnetization at the coercive field for an unstructured sample with 1.6 nm barrier thickness at a) room temperature and b) approximately 50 • C. The magnetic field is pointing out of the plane of the sample and the lower part of the area is nonmagnetic. a few large domains are formed with irregular edges as often found in such magnetically perpendicular films. At 50 • C, the density of the domain formation drastically increases beyond the resolution of the microscope (≈ 300 nm). Thus this relatively small increase in thermal energy is enough to activate the domain nucleation in almost any area of the sample with diameter smaller than about 300 nm.
Selected pictures of the reversal process of the magnetization are shown in figure B.2 , with the magnetic field pointing out of the sample plane and at about 50 • C. The dark coloring corresponds to the parallel state and the light coloring to the antiparallel state of the TMR measurements. With increasing magnetic field the magnetic domains increase, starting at the border to the lower nonmagnetic area ( figure B.2 a) -c)). For decreasing magnetic field the formation of domains starts in the area, with the border to the nonmagnetic part being the last to magnetize ( figure B.2 d) -f)). For this unstructured sample the demagnetization process takes place over a bigger field area than we have seen in the TMR measurements. This is because the TMR effect was measured on much smaller areas of 140 nm diameter and the border region has a stronger influence. On the wide-field measurements we see that this region is magnetized faster than the rest of the sample for rising magnetic field. In the other direction we see a reversed dependence.
If the demagnetization process is stopped in the middle, the distribution of the magnetic domains stays the same and does not change, at least for this resolution. This fits with the TMR measurements because the switching fields vary strongly for different areas on the sample. To see the fluctuation between the parallel and the antiparallel state that lead to the superparamagnetic behavior by Kerr Microscopy, a higher temporal and local resolution would be needed. The details of the central MTJ part CoFe/Ta/CoFeB/MgO/CoFeB, however, cannot be identified at this magnification. We, therefore, took images at higher resolution. We thus conclude, that the grains of the Ru and the IrMn with about 15 nm diameter are a structural characteristics of the layer stack.
